Abstract -Glucose production from sugarcane bagasse was investigated. Sugarcane bagasse was pretreated by four different methods: combined acid and alkaline, combined hydrothermal and alkaline, alkaline, and peroxide pretreatment. The raw material and the solid fraction of the pretreated bagasse were characterized according to the composition, SEM, X-ray and FTIR analysis. Glucose production after enzymatic hydrolysis of the pretreated bagasse was also evaluated. All these results were used to develop relationships between these parameters to understand better and improve this process. The results showed that the alkaline pretreatment, using sodium hydroxide, was able to reduce the amount of lignin in the sugarcane bagasse, leading to a better performance in glucose production after the pretreatment process and enzymatic hydrolysis. A good xylose production was also observed.
INTRODUCTION
Agricultural residues, such as sugarcane bagasse (Hofsetz and Silva, 2012) , are rich in lignocellulosic biomass, which is mainly composed of cellulose, hemicellulose and lignin. Sugarcane bagasse, the major by-product of the sugarcane industry, is a very promising raw material for the production of glucose, xylose, ethanol and methane.
The production of ethanol from lignocellulosic materials requires three main steps. The lignocellulosic material has to be pretreated to allow higher conversion of cellulose, which is consumed during enzymatic hydrolysis to produce glucose and xylose that are finally fermented to produce ethanol (Sun and Cheng, 2002; Bommarius et al., 2008) .
The pretreatments act by disrupting the lignocellulosic matrix, reducing the amount of lignin and hemicellulose and modifying the crystalline structure of cellulose to make it more susceptible to enzymatic attack (Silverstein et al., 2007) . The yield of conversion of lignocellulosic materials into glucose is usually very low if the enzymatic hydrolysis is carried out without applying a pretreatment. Pretreatments are applied when a high yield of conversion into glucose is intended from the enzymatic hydrolysis of the solid fraction of the pretreated bagasse. The liquid fraction produced by the pretreatment process is rich in sugars (mainly pentoses) that can also be used to produce ethanol. Lignin can be used to produce energy (Luo et al., 2010) .
Pretreatments with sulfuric, nitric or hydrochloric acid can solubilize hemicelluloses, exposing the cellulose to enzymatic attack (Schell et al., 2003) . Alkaline pretreatments remove lignin and reduce the degree of cellulose crystallinity (Chang and Holtzapple, 2000) .
Pretreatments with peroxides, at alkaline pH, improve the enzymatic efficiency through oxidative delignification and decrease the crystallinity of the cellulose (Gould, 1985) . This pretreatment is known to reduce the production of polluting wastes and inhibitory compounds of enzymatic hydrolysis (Rabelo et al., 2011) .
The hydrothermal pretreatment is based on the use of water (or water vapor) and heat (150 to 230 °C) to produce hydrolyzed hemicellulose derivatives and a solid fraction composed of lignin and cellulose. This process has the advantage of not using acid catalysts (preventing corrosion of process equipment) and to produce less inhibitory compounds for the enzymatic hydrolysis (Boussasar et al., 2009) .
Several characteristics of the solid fraction of pretreated biomass have been studied by many researchers. External morphology, the main organic groups that constitute the biomass and the crystallinity of the cellulose molecule have been addressed. The external morphology of the biomass can be studied by scanning electron microscopy (SEM) methodology (Reiner, 2010) . Riyajan and Intharit (2011) studied the morphology of sugarcane bagasse subjected to a combined sodium hydroxide and silane pretreatment, showing that the surface of raw bagasse exhibited lower roughness when compared with the pretreated bagasse, which was caused by the removal of fatty acids from the surface of the bagasse. Morphological studies with green coconut, soybean straw, wheat bran, rice hulls, sugarcane bagasse and cashew apple have also been carried out after different pretreatments (Brigida et al., 2010; Xu et al., 2007; Zhao et al., 2010; Camargo et al., 2012 and Rocha, 2010) .
FTIR can be used to characterize the biomass according to its organic groups (Smith, 1996) . The main result of FTIR assays is associated with lignin. It is an aromatic biopolymer constituted mainly of phenylpropane substituted units bonded together to form a polymer of low regularity, crystallinity and optical activity. Although about 20 types of bonds exist within lignin, the largest number is related to links between ether bonds (Sun et al., 2000) . The solid component of lignin is a key factor for the success of the saccharification process because lignin is considered to be an adsorbent of cellulolytic enzymes. Phenolic hydroxyl groups have an inhibitory effect on cellulases and it is important to reduce the amount of these groups during pretreatment (Gould, 1985; Pan, 2008) . Gou et al. (2009) have studied the enzymatic saccharification of three different feedstocks (rice straw, bagasse and silvergrass) that were pretreated with different acid concentrations. The study verified that the enzymatic saccharification was affected by the lignin composition of the raw materials.
The cellulose molecule is formed by a crystalline part and an amorphous part. The cellulose crystallinity is an important factor that can enhance the results obtained from the enzymatic hydrolysis (Chang and Holtzapple, 2000) . The crystallinity can be quantified by X-ray diffraction (Cullity, 1956) . The lignocellulosic biomass crystallinity represents the relative amount of overall crystalline cellulose in the solid fraction of the biomass. Thus, it is strongly influenced by the biomass composition. Rodrigues et al. (2007) studied the methylcellulose crystallinity from purified sugarcane bagasse and found some modification in the samples.
The objective of this work was to apply different pretreatments to sugarcane bagasse and to correlate the chemical composition, crystallinity index, external morphology, and organic groups of the material with the results obtained for glucose production when enzymatic hydrolysis is applied.
MATERIAL AND METHODS

Sugarcane Bagasse
The sugarcane bagasse was provided by Usina Estivas (Arés -RN, Brazil). The bagasse contained 50% (w/w) of humidity and 2% (w/w) of reducing sugars. The bagasse was dried, prior to applying the pretreatments, in a circulating drying oven (Tecnal model TE-394/1, Piracicaba/Brazil) at 40 °C until a final humidity of 5% (wet basis) was reached. The bagasse was ground and sieved. The experiments were carried out with particles smaller than 0.84 mm.
Enzymes
The enzymes NS22074 (cellulases complex) and NS50010 (β-glucosidase enzyme) were used in this work. The enzymes were kindly donated by Novozymes (Bagsvaerd, Denmark).
Pretreatment Study
Figure 1 summarizes the steps followed in this study. Four pretreatments were studied: combined acid and alkaline, combined hydrothermal and alkaline, alkaline and hydrogen peroxide pretreatments. At first, the acid pretreatment was idealized because it is the most studied pretreatment (Schell et al., 2003) . The importance given to lignin removal led to the study of a second step using an alkaline pretreatment that was applied after the acid pretreatment (Chang and Holtzapple, 2000) . Thus, a combined pretreatment with acid in a first step and alkali in a second step was carried out. To reduce the acidic waste, avoid acid corrosion of the equipment and improve the glucose production, a second pretreatment (combined hydrothermal and alkaline) was carried out and compared to the first pretreatment.
A third pretreatment solely with sodium hydroxide was tested to reduce the number of processing steps. In this case, only lignin removal was expected and the results of composition, characterization and glucose production after enzymatic hydrolysis were evaluated for hydrolysis with higher hemicellulose content in the pretreated bagasse. A fourth pretreatment process with hydrogen peroxide in an alkaline medium was applied to compare with the pretreatment using solely sodium hydroxide, aiming to reduce the amount of waste and of inhibitory compounds that might affect the enzymatic hydrolysis (Rabelo et al., 2011) .
The amount of solid fraction of the pretreated bagasse was quantified after each pretreatment process using Equation (1). This value is important to evaluate the pretreatment process in relation to the reduction of lignin and hemicellulose. g Solid fraction g raw material Final amount of insoluble part (g) Inicial amount of raw material (g)
Combined Acid and Alkaline Pretreatment
The first step of the pretreatment was carried out using 20% (w/v) of bagasse immersed in a 2% (v/v) or 3.66% (w/w) sulfuric acid solution. The mixture was subjected to a temperature of 121 °C for 30 min (Guo et al., 2009) . The resulting solid fraction was washed until pH 7.0 and then it was dried at 40 °C in a circulating drying oven (Tecnal model TE-394/1, Piracicaba/Brazil).
The second step of this pretreatment was carried out using 20% (w/v) of bagasse immersed in a 4% (w/w) sodium hydroxide solution. The mixture was also subjected to a temperature of 121 °C for 30 min (Vasquez et al., 2007) . The pH of the mixture was adjusted to 7.0 using HCl after the reaction. The solid fraction was washed three times with tap water to remove dissolved sugars and solubilized lignin, and stored at 4 °C until used. Before the use of the bagasse in assays, the humidity was measured to convert amounts to a dried weight basis.
Combined Hydrothermal and Alkaline Pretreatment
The hydrothermal pretreatment was carried out using a high-pressure reactor (Stainless Steel PARR Reactor 4520-1 L, Series 4520 Bench Top Reactors 1 L Parr Instruments Company, USA), 10% of solids, 100 rpm, 20 bar of initial pressure with nitrogen, 170 °C of process temperature reaching 35 bar; the rise time of the temperature was 40 minutes, the process time was 40 minutes and the cooling time was 15 minutes. Because this process did not use acid catalysts, preventing corrosion of process equipment, and producing less inhibitory compounds of enzymatic hydrolysis (Boussasar et al., 2009) , the solid fraction was not washed. The resulting solid fraction was dried at 40 °C in a circulating drying oven (Tecnal model TE-394/1, Piracicaba/Brazil). The second step of the pretreatment was carried out under the same conditions as presented in the second step of the combined acid and alkaline pretreatment. 
Alkaline Pretreatment
This pretreatment was carried out under the same conditions employed in the second step of the combined acid and alkaline pretreatment.
Peroxide Pretreatment
The pretreatment with hydrogen peroxide was carried out using 4% (w/v) of biomass immersed in a 7.35% (v/v) or 8.15% (w/w) hydrogen peroxide solution. The pH of the hydrogen peroxide solution was adjusted to 11.5 with sodium hydroxide. The mixture was stirred at 100 rpm for 1 h at room temperature using a mechanical stirrer (Tecnal model TE-139, Piracicaba/Brazil) (Rabelo et al., 2011) . Due to the exothermic nature of the process, a temperature increase was observed and the final temperature was 80 °C. After the reaction, the liquid fraction was discarded and the solids washed with water (Rabelo et al., 2011) . The solid fraction was washed fifteen times with tap water and stored at 4 °C until used. Before the use of the bagasse in assays, the humidity was measured to convert amounts to a dried weight basis.
Sugarcane Bagasse Composition and SEM, X-Ray Diffraction and FTIR Characterization
Cellulose, hemicellulose, lignin, ash, organic solvent extractives, and hot water extractives (100 °C) contents were quantified in the raw material and in the solid fraction of the pretreated bagasse.
The amounts of cellulose, hemicellulose, lignin and ashes were determined according to the methods described by Gouveia et al. (2009) . Determinations of organic solvent and hot water extractives were carried out according to the NREL procedure (National Renewable Energy Laboratory, Golden, Colorado -USA) (Sluiter et al., 2008) with some modifications; quantification of hot water extractives (sugars, HMF, furfural and organics acids) was carried out by HPLC. All characterizations were assayed in triplicate.
Scanning electron microscopy (SEM) was used to observe the morphology of the raw and pretreated bagasse to evaluate the changes in the external structure caused by the pretreatments (Phillips XL-30 ESEM, USA). SEM was carried out using a voltage of 20 kV and working distance of 10mm, spot size of 4.0, SE detector and metallizer (SCD-Bal-Tec 005, USA).
FTIR analysis was used to detect the presence of the main organic groups that constitute the lignocellulosic structure. FTIR analysis was carried out in the range of 650 to 4000 cm -1 using a Fourier Transform infrared spectrophotometer (Spectrun 65 FT-IR, Perkin Elmer, USA). Thus, it was possible to detect the changes caused by the pretreatments in relation to the content of lignin and hemicellulose.
The crystallinity of the cellulose fiber was evaluated by X-Ray Diffraction (XRD-6000, Shimadzu, Japan). Copper Kα radiation, 30.0 kV of voltage and 15 mA of electric current, and a rate of 2.0 degrees per minute for a 2θ continuous scan from 4.0 to 70.0 degrees were applied. This analysis allowed the detection of the amorphous part of the lignocellulosic biomass, as well as the modification of the crystalline structure of the cellulose. The crystallinity index (CI) was obtained from the ratio of the maximum peak intensity 002 (I 002 , 2θ = 22.5) and minimal depression (I am 2θ = 18.5) between peaks 001 and 002 (Segal et al., 1959; Rodrigues et al., 2007) according to Equation (2).
where I 002 is the maximum intensity of the 002 peak and I am the minimal depression of the amorphous structure.
Enzymatic Hydrolysis
The assays were conducted to evaluate the amount of cellobiose and glucose resulting from each pretreatment. However, because a high amount of hemicellulose remained in some of the pretreated bagasse, the amount of xylose was also quantified. The assays were performed in a shaker (TE -421, Tecnal, Sao Paulo / Brazil) at 150 rpm and 50 °C using Erlenmeyers of 250 mL. A reaction volume of 30 mL of 50 mM citrate buffer at pH 4.8 was used. An amount of pretreated bagasse representing 4.0% (w/v) of cellulose in the reaction medium was used in the enzymatic reactions. A solution of sodium azide (1% w/w), at a 1:100 (v/v) ratio, was used to prevent microorganism growth. An enzyme load corresponding to 27 FPU/g of cellulose (NS22074 enzyme) and 4 CBU/g of cellulose (NS50010 enzyme) was applied. The assays were carried out for 48 h and done in triplicate.
After hydrolysis, the samples were subjected to 100 °C for 10 min for enzyme inactivation (Benko et al., 2008) . The samples were centrifuged at 14000 rpm (18406.7 x g) (EPPENDORF model 5424, Germany) for 30 min, filtered in a PES (polyethersulfone) membrane of 0.22 µm (TPP, Switzerland) and then stored at -20 °C. The amounts of cellobiose, glucose and xylose were quantified by HPLC according to the analytical procedures.
The global yield of glucose and xylose produced from raw material after pretreatment and enzymatic hydrolysis was quantified with Equation (3) using the result of solid fraction obtained by Equation (1). g sugar Global yield 100g raw material Sugar (g) Solid fraction x x100 Initial amount of pretreated bagasse (g)
Analytical Procedures
The amounts of sugars, HMF, furfural and organic acids were obtained by HPLC using a Shimpack SCR 101-H column (SHIMADZU, Kyoto/Japan) at 65 °C, 5 mM sulfuric acid in MilliQ water (Barnstead EasyPure RF System model D7031, Iowa/EUA) as eluent, a flow rate of 0.6 mL/min and a refraction index detector (SHIMADZU model RID-10A, Japan).
The amount of digested cellulose (conversion of cellulose into cellobiose and glucose) was determined according to the NREL digestibility protocol of lignocellulosic biomass subjected to pretreatments (Seling et al., 2008) according Equations (4) and (5).
 
Digested celulose (g) % Conversion x100 Added celulose (g) 
Digested celulose (g) (Re action volume (L))
RESULTS AND DISCUSSION
The amounts of solid fraction obtained after the pretreatment processes were 0.26, 0.33, 0.55 and 0.21 g/g raw material respectively for the combined acid and alkaline, combined hydrothermal and alkaline, alkaline, and peroxide pretreatment. The higher amount of solid fraction in the alkaline pretreatment was caused by the low conversion of hemicellulose, which remained in the solid fraction (Table 1) . A considerable amount of foam was formed during the hydrogen peroxide pretreatment and this foam influenced the high loss of biomass observed in this pretreatment. The small amounts of solid fraction that were observed were caused by the solubilization of part of the bagasse in the liquid fraction. Table 1 presents the composition of the raw material and the solid fraction of the pretreated sugarcane bagasse. The combined acid and alkaline pretreatment and the combined hydrothermal and alkaline pretreatment were able to increase by 68.5 and 61.0%, respectively, the amount of cellulose in the bagasse composition.
The combined acid and alkaline pretreatment and the combined hydrothermal and alkaline pretreatment were able to reduce the amount of hemicellulose in the bagasse by 60.7 and 58.7%, respectively. All pretreatments were able to reduce the amount of lignin by at least 50%, with the alkaline pretreatment presenting the highest lignin reduction (75.8%).
The pretreatments applied in this work gave results similar to those presented in the literature (Benko et al., 2008; Silva et al., 2011; Asgher et al., 2013) . The exception was for the peroxide pretreatment that presented less cellulose and more hemicellulose than the results presented by Rabelo et al., (2011) .
The results obtained by applying the hydrothermal pretreatment were similar to those obtained for other biomass such as grape stalks, corn stalks, grass (Cynodon dactylon), sorghum, wood, olive tree prunings, eucalyptus, bamboo, wheat straw and sugarcane bagasse (Amendola et al., 2012; Egues et al., 2012; Lee et al., 2009; Rohowsky et al., 2013; Chen et al., 2010; Martin et al., 2010; Alves et al., 2010; Ruiz et al., 2013a; Ruiz et al., 2013b; Abril et al., 2012) . Figure 2 shows the results of the morphological analysis of the raw material and solid fraction of the pretreated bagasse by SEM. The morphologies of the bagasse that were subjected to the combined acid and alkaline pretreatment and the combined hydrothermal and alkaline pretreatment were very similar, but presented subtle differences when compared to the alkaline and to the peroxide pretreatment. The morphologies of the bagasse that were subjected to the alkaline pretreatment and the peroxide pretreatment were similar. These results reflect the effect of the different pretreatments on the bagasse morphology when more or less lignin and hemicellulose are solubilized. Figure 2 also shows that a more disorganized structure results from the application of the pretreatments compared to the raw material. (O-H) was more intense in the combined acid and alkaline pretreatment, combined hydrothermal and alkaline pretreatment and in the peroxide pretreatment than in the alkaline pretreatment and in the raw material. A similarity in the bands at 2900 cm -1 could be observed for the raw material, combined hydrothermal and alkaline and the alkaline pretreatment, but was more intense for the other pretreatments. The band at 1710 cm -1 (HO-C=O carboxylic acid) was only found in the raw material. The band at 1620 cm -1 (C=O ketone) presented the same intensity in the raw material and in the combined acid and alkaline pretreatment, but was more intense in the peroxide pretreatment and less intense in the other pretreatments.
Figure 3: FTIR analysis of the raw material and of the solid fraction after the pretreatment processes of the sugarcane bagasse: (A) overlapping spectra; (B) stacked spectra; (a) raw material; (b) bagasse after combined acid and alkaline pretreatment; (c) bagasse after combined hydrothermal and alkaline pretreatment; (d) bagasse after alkaline pretreatment; and (e) bagasse after peroxide pretreatment.
The bands at 1600, 1500 and 1410 cm -1 (C-H vibration of aromatic ring) had different intensities for all pretreated and raw materials. The bands at 1390 and 1360 cm -1 (O-H phenolic) were more intense in the combined acid and alkaline, in the combined hydrothermal and in the alkaline and peroxide pretreatments. The band at 1250 cm -1 (C-C) was more intense in the raw material and the band at 1200 cm -1 (C-O and C=O stretching) was more intense in the combined acid and alkaline, combined hydrothermal and alkaline and peroxide pretreatments. Ether and ester bonds could be observed in greater intensity (bands 1150, 1100, 1050 and 1030 cm -1 ) in the bagasse subjected to the combined acid and alkaline, combined hydrothermal and alkaline and peroxide pretreatments, but not in the alkaline pretreatment and in the raw material. Table 2 shows the main organic groups found in the raw material and in the solid fraction of the pretreated bagasse. et al., (2006) Although similarities were noted in the external morphologies of the bagasse among the pretreatments, the organics structures seem to be quite different. Thus, the FTIR study was important to supplement the information that could not be obtained solely by the morphological study. The organic structure of the biomass subjected to the alkaline pretreatment was similar to the raw material, while the other pretreatments resulted in a very different organic structure. Figure 4 and Table 3 show the results of the X-ray diffraction analysis carried out to evaluate the crystallinity degree of the raw and pretreated bagasse. All samples presented the same diffraction pattern, with the highest peak in the 002 crystallographic plane representing the crystalline cellulose region (Rodrigues et al., 2007) . Crystallinity is strongly influenced by the biomass composition. The raw material presented the lowest relative crystallinity, because it has a higher content of hemicellulose and lignin, which are amorphous (Xu et al., 2007) .
The X-ray assays corroborate the compositional analyses. The bagasses with lower content of lignin and hemicellulose were the bagasse that presented higher crystallinity, as can be noted for the bagasses subjected to the combined acid and alkaline and combined hydrothermal and alkaline pretreatments.
Studying the crystallinity index of the cellulose, which is a part of the lignocellulose complex, is too complicated because the others components, hemicellulose and lignin, can influence directly in the result. In this study, if the CI of the solid fraction of the pretreated bagasse were lower than the CI of the raw material, even with hemicellulose and lignin removal, it could be evidence that the CI of the cellulose was modified. However, it was the opposite, the CI of the pretreated bagasse was higher than that of the raw material. This indicates that the CI results from modification of the composition of the pretreated bagasse. Table 4 shows the results of cellulose conversion into glucose and the reducing sugars content after enzymatic hydrolysis of the pretreated bagasse. The peroxide pretreatment presented the highest cellulose conversion and the highest glucose content in the hydrolytic product. The alkaline pretreatment produced the highest amount of xylose and cellobiose. This result proves that the amount of hemicellulose present in the lignocellulose material was not able to reduce the cellulose conversion. Therefore, the acid or hydrothermal pretreatment that were used to remove hemicellulose from the lignocellulose material are not required.
Cellobiose production was higher for the alkaline pretreatment. Cellobiose may inhibit cellulose hydrolysis, but the results do not show a high degree of inhibition. FTIR results (Table 2 and Figure 3) show that the bagasse subjected to alkaline pretreatment presented the lowest amount of phenolic OH group, which may have favored the hydrolysis process, even though the bagasse subjected to alkaline pretreatment had a smaller relative amount of cellulose and higher amount of hemicellulose than the other bagasses.
The cellulose conversion results are in accordance with literature (Barcelos et al., 2011; Macedo et al., 2011; Carvalho et al., 2013; Idrees et al., 2014) . Even working only with cellulases and β-glucosidase enzymes without xylanases or hemicellulase enzyme supplementation, it was possible to produce a high quantity of xylose in the enzymatic hydrolysis using the bagasse subjected to the alkaline pretreatment. This result induce that the mix of enzymes used may contain small amounts of xylanases or hemicellulases, which were not quantified in this work, or the xylose was released into the medium when the lignocellulosic matrix was disrupted by the action of cellulases and β-glucosidase enzymes. However, the second explanation is more appropriate because a high hemicellulose content was obtained in the solid fraction of the bagasse subjected to the peroxide pretreatment, but a low production of xylose was observed after enzymatic hydrolysis. Thus, the modified structure of the bagasse subjected to the alkaline pretreatment led to a higher xylose production.
Calculations were carried out to determine the global yield of xylose following a procedure similar to that for the calculation of the global yield of glucose. This calculation were carried out given the large amount of xylose that was produced ( Figure 5 ). The highest global yields to glucose and xylose were observed when applying the alkaline pretreatment before enzymatic hydrolysis. 
CONCLUSION
The process of alkaline pretreatment (with sodium hydroxide) followed by enzymatic hydrolysis was the best option to enhance the production of glucose, with the advantage of also producing high amounts of xylose that can also be converted into ethanol.
The combination of the alkaline pretreatment with acid or hydrothermal pretreatments did not enhance further the production of glucose or even xylose. As such, the use of the alkaline pretreatment alone is interesting since a second pretreatment step is not required. Consequently, this option reduces the amount of reagents that are used and reduces the generation of waste.
The waste generated by the process can be considered to be by-products since the pentoses that are produced can be also used in the production of ethanol and lignin can be used to produce energy.
